The quiescence of radial neural stem cells (rNSCs) in adult brain is regulated by environmental stimuli. However, little is known about how the neurogenic niche couples the external signal to regulate activation and transition of quiescent rNSCs. Here, we reveal that long-term excitation of hippocampal dentate granule cells (GCs) upon voluntary running leads to activation of adult rNSCs in the subgranular zone and thereby generation of newborn neurons. Unexpectedly, the role of these excited GC neurons in NSCs depends on direct GC-rNSC interaction in the local niche, which is through down-regulated ephrin-B3, a GC membrane-bound ligand, and attenuated transcellular EphB2 kinase-dependent signaling in the adjacent rNSCs. Furthermore, constitutively active EphB2 kinase sustains the quiescence of rNSCs during running. These findings thus elucidate the physiological significance of GC excitability on adult rNSCs under external environments and indicate a key-lock switch regulation via cell-cell contact for functional transition of rNSCs.
INTRODUCTION
In the mammalian brain, including rodents and humans, neuro genesis persists throughout adulthood in the subgranular zone (SGZ) of the hippocampal dentate gyrus (DG) and the subventricular zone (SVZ) of the lateral ventricles (1, 2) . Neural stem cells (NSCs) reside in these specialized microenvironments, or niches, that maintain them as quiescent, undifferentiated cells to sustain lifelong neuro genesis (3) . In the SGZ, adult neurogenesis entails the activation of quiescent type 1 NSCs, also called glialike radial NSCs (rNSCs) (4) . rNSCs divide mostly asymmetrically, producing mitotic, multipotent type 2a NSCs [which are also named amplifying neural progenitors (ANPs)] that are capable of rapid proliferation and differentiation (5) . The ANPs are able to differentiate into lineagecommitted, pro liferative neuronal precursors and, subsequently, neuroblasts as they differentiate into granule cells (GCs) and are integrated into the exist ing neural network of the hippocampus (6) . These newborn neurons derived from the SGZ hereby support memory formation, pattern separation, forgetting, stress buffering, and regulation of affective states (7) (8) (9) (10) . Deficits in adult hippocampal neurogenesis may con tribute to shared facets of many neurodevelopmental, psychiatric, and neurodegenerative disorders (11) .
The proliferation, differentiation, and maintenance of rNSCs are orchestrated by a delicate balance of microenvironmental cues. The secreted proteins modulate the balance between quiescent and pro liferative NSCs and affect neurogenesis (12, 13) . On the other hand, direct cellcell interaction mediated by integral membrane proteins is critical in stem cell maintenance. For example, direct astrocyte NSC (14) , vascular cell-NSC (15) , or mossy cell-NSC (16) interaction controls adult NSC (aNSC) quiescence and regulates hippocampal neurogenesis. An important membrane molecule, Notch, and its ligand can mediate direct interaction between NSCs and neighbor cells and thus play an important role in neurogenesis (17, 18) . No ticeably, the microenvironment signals received by rNSCs and the external environmental stimuli (for instance, voluntary running, enriched environment, or fear conditioning) that an organism re sponds to obviously alter NSC quiescence and neurogenesis (19) (20) (21) (22) . However, how the extracellular microenvironments precisely transfer the intracellular signals initiated by external environmental stimuli to regulate rNSC properties remains elusive.
The GC neurons serve as prominent components of the SGZ NSC niche and respond to environmental stimuli. The rNSCs with long processes extend from the SGZ toward the molecular layer and ramify there, where they directly interact with these neurons. Previ ous studies suggest that the quiescence of the rNSCs depends on the tonic release of aminobutyric acid (GABA) from fastspiking parvalbumin (PV) interneurons in the DG (23) , which are activated by GABAergic projection neurons from the medial septum (24) . In contrast, strong enhancers of neuronal activity such as systemic in jection of kainic acid (KA), a glutamate agonist, increase activation of the rNSCs (25) . The neuronal hyperexcitation induced by low and high levels of KA impairs adult hippocampal neurogenesis in the long term (26) . These recent findings suggest that NSC quies cence and neurogenesis are controlled directly by the level of activ ity of the surrounding hippocampal neural network under patholog ical or artificial stimuli, whereas the functional significance of neuronal activity in the neurogenic niche for rNSC regulation un der physiological conditions is poorly understood.
In the present study, we reveal that excitation of glutamatergic GC neurons promotes rNSC activation and neurogenesis in the hippocampal DG region during voluntary running (a physiological training trial). A membranebound ligand, ephrinB3, on GC is identified as a negative regulator for activation of adjacent rNSCs. We further demonstrate that the catalytic kinase activity of the EphB2 receptor in rNSCs is necessary and sufficient for the maintenance of rNSC quiescence during voluntary running. Last, lineage tracing ex periments reveal that rNSCs in adult DGs prefer neuronal cell fate upon running attenuated ephrinB3-EphB2 signal transduction. Our study thus elucidates adjustable intercellular signaling via di rect GCrNSC contact in the neurogenic niche that coordinates glutamatergic neuronal activity and the transition of quiescent NSCs to newborn neurons under physiological conditions.
RESULTS

Excitation of DG neurons and activation of rNSCs during voluntary running
To compare the excitability of DG neurons under different physiolog ical conditions, we treated mice in three training paradigms, includ ing voluntary running, fear stimulation, and enriched environment exposure, which have been previously described to influence neuro genesis (19) (20) (21) (22) . We performed cFos immunofluorescence to indi cate neuronal reaction responding to external stimuli among these paradigms and observed activated cFos + cells in a GC layer for each trial. Among them, voluntary running-induced neuronal reactions appeared to be the most noteworthy, reaching a high sustained level after trials spanning 5 to 30 days ( fig. S1 , A to C, and movie S1). To further examine the runninginduced increase in DG granule neu ron activity and the temporal relationship between onset of running and granule neuron activity, we introduced in vivo fiber photometry of Ca 2+ signals to record the immediate firing of granule neurons during running trials. Adult mice DGs were injected with AAV2/9 hSynGCaMP6s followed by optic fiber implantation 6 weeks post natally (fig. S1, D and E). The data showed that the in vivo Ca 2+ signal in granule neurons indicated by fluorescence intensity imme diately increased after the onset of running and decreased when the running stopped ( fig. S1 , F and G, and movie S2), suggesting that the DG cell firing is attributable to the running process.
To examine rNSC behavior and neurogenesis in SGZ in vivo, we identified newborn cells via 5ethynyl20deoxyuridine (EdU) (a thymidine analog) labeling of dividing rNSCs (a combined result of proliferation, survival, and differentiation) in NestinGFP transgenic mice (27) over 7 days (once per day) or 30 days (once every 4 days) and carried out immunofluorescence analysis for the activation of rNSCs 1 day after the last injection (Fig. 1A) . The activated rNSCs were identified as SGZ cells containing green fluorescent protein (GFP)-positive radial processes with expression of glial fibrillary acid protein (GFAP) and EdU incorporation (Fig. 1B and fig. S2A ). We found that voluntary running caused a significant increase of EdU incorporation in rNSCs (Fig. 1 , B and C) without affecting GFPpositive rNSC pool size ( fig. S2 , A to C), suggesting that the longterm physiological running trial induces only mild activation of rNSCs and did not lead to more rapid deletion of rNSCs com pared to control mice. Consistently, Ki67 immunostaining showed the same result in the number of activated rNSCs and ANPs (fig. S2, D and E). More nonradial precursor cells lacking GFAP expression (ANPs) were labeled with EdU in the running group and were the progeny of activated rNSCs generated over 7 or 30 days, confirming the effect of running on rNSC transition (Fig. 1C) . Furthermore, we observed that the increased level of EdU incorporation in rNSCs in the 7day running group was restored after 3 weeks of rest follow ing running trials (fig. S2, F to H), indicating that the activation of quiescent NSCs is reversible. We further introduced doublecortin (DCX) to label the neuronal precursors and immature neurons and observed an increase in DCXpositive cells that was accompanied by an increase in EdUpositive cells in the 7day running group (fig. S3, A and B), suggesting active hippocampal neurogenesis. Two possi bilities could account for the increase of neurogenesis: One was the higher proliferation level of rNSCs as shown above, and the other was an increase in the proliferation of intermediate precursor cells (IPCs) themselves. We thus injected EdU after the running trials and euthanized the mice 3 hours later to assess IPC proliferation by identifying colocalization of Tbr2 (an IPC marker) and EdU ( fig. S3C ). Quantification showed that running mice exhibited a significant in crease in Tbr2 + cells, but the proliferation rate between controls and running mice remained unchanged ( fig. S3D ). These results sup port the model that running induces rNSC activation in the adult hippocampus and increases neurogenesis.
We next used lineage tracing strategies to explore the effect of running trials on the cell fate of distinct neuronal progenitors in the SGZ. We expressed GFP specifically in the dentate Nestin + cells by injecting Credependent adenoassociated virus (AAV) vectors (AAVDIOGFP) into the DG area in NestinCre ERT2 mice fol lowed by tamoxifen injections 3 weeks later, which enabled the spe cific labeling of SGZ rNSCs and the followup of their progeny (Fig. 1D) ) , and astrocytes (GFAP + , with astrocyte morphology) within the GFP + population in 30day running mice and observed an increase in the number of ANPs, neuroblasts, immature neurons, and neurons except for rNSCs and astrocytes ( Fig. 1, E to G) . Quantitation of the proportion of this population also showed increased DCX + cells and neurons among GFP + cells (Fig. 1H ), indicating that running trials induce a transi tion toward neuronal fate.
Excited dentate GCs regulate rNSC property during voluntary running
We next addressed which neuronal subpopulation in DG was re sponsible for voluntary running. We checked cFos signals in dif ferent subtypes of neurons following the running trial and found that voluntary running mainly activated glutamatergic neurons rather than GABAergic neurons in the niche ( fig. S4 , A to D). To further assess the functional impact of these glutamatergic neurons on rNSCs in vivo, we injected Credependent designer receptor exclusively activated by designer drug (DREADD) AAVDIO hM3DqmCherry or AAVDIOmCherry, as a control, into the DG of adult CaMKIICre mice, which allowed us to precisely activate these hM3Dqexpressed neurons by applying the specific ligand clozapineNoxide (CNO) (Fig. 2A) . We validated the injection in the DG area (Fig. 2B ) and observed that these mCherrylabeled cells were vGluT2 neurons rather than NestinGFP, DCX, and GAD65/67 cells ( fig. S5, A and B) . The small number of NestinGFP and DCX cells infected by AAV (~0.5% for NestinGFP, 0.2% for DCX cells) indicates that the mistarget of AAV in NestinGFP or DCX cells was rare and would not affect transition of rNSCs. We also detected the excitation of GAD65/67 cells with cFos staining, and no difference between the control group and the CNO group was observed in these neurons ( fig. S5C) as means ± SEM. *P < 0.05; **P < 0.01; ***P < 0.001. are presented as means ± SEM. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001. To investigate whether the excitation of glutamatergic GCs ac counts for the activation of rNSCs and neurogenesis in voluntary running, we labeled the dentate GCs with Credependent AAV DIOhM4DimCherry ( Fig. 2D and fig. S7F ), which allows the se lective inhibition of neuronal activity by CNO injection following running trials. We validated neuron activity by cFos immunofluo rescence and found that the cFos + neurons excited by voluntary running were almost eliminated after CNO injection (Fig. 2 , E and F). We thus examined NSC quiescence and neurogenesis upon the si multaneous inhibition of these neurons in the running mice and observed restored levels of rNSC activation and DCX + cells com pared to the control group ( S7I ). These data suggest that inhibition of dentate GCs reverses the activation of rNSCs in running mice.
To further decipher the cell fate of distinct neuronal progenitors upon excitation of GCs, we labeled the dentate Nestin + cells by using a linage tracing strategy and specifically stimulated glutamatergic neurons by injecting them with AAVCaMKIIhM3DqmCherry followed by CNO treatment for 30 days (Fig. 2I) . Quantitation of the proportion of subpopulation among GFP + cells showed increased DCX + cells and neurons and decreased rNSCs ( Fig. 2J ), indicating that a neuronal fate shift occurs upon activation of glutamatergic neu rons. Moreover, we examined a lineage shift of rNSC progeny upon the simultaneous inhibition of these neurons with AAVCaMKII hM4DimCherry in voluntary running mice and observed a resto ration in proportion of either DCX + cells or neurons among GFP + cells (Fig. 2 , K and L). These data suggest that excitation of dentate GCs upon voluntary running promotes fate transition of rNSCs to ward neurons.
Ephrin-B3 is identified as a regulator in DG upon running-induced neuron excitation
The leading role of activation of surrounding excitatory GCs in rNSCs led us to ask whether the direct GCrNSC interactions were in volved in the local niche. We simulated threedimensional (3D) re construction of consecutive confocal Z stack images in NestinGFP mice that had been injected with AAVCaMKIImCherry in the DG. The rNSCs were labeled green and the GCs were labeled red. The 3D image and movie showed a direct contact of rNSCs and GCs in DG areas (Fig. 3A and movie S3 ). We analyzed previous sequencing results (28) , verifying that gene expression changed in the DG after 30 days of voluntary running. We found that, after the running treatment, these changed genes were significantly enriched in Gene Ontology (GO) terms such as cell adhesion, receptor binding, and membrane, suggesting that certain membrane molecules in excitatory neurons may play important roles in voluntary running (Fig. 3B) . Therefore, we focused on these associated genes and observed 255 common genes by comparing the three GO terms. These genes were further compared with 1802 differentially expressed genes (DEGs) in the GC layer of DG after running to obtain 46 overlapping genes, which involves 9 genes encoding cell membrane proteins expressed in the nervous system ( Fig. 3C and fig. S8 ).
We further validated the associated membrane genes, including the nine genes from sequencing analysis and eight additional neu ronal genes that have been reported (29) , by using a chemogenetic approach in GCs (Fig. 3D) . We found that vascular cell adhesion molecule 1 (VCAM1) and ephrinB3 were obviously altered among these genes (Fig. 3D) , and ephrinB3 is the only one that is highly expressed in the GC layer, as shown in the Allen Brain Atlas data base and in previous studies (30, 31) . Consistently, we also saw a downregulated ephrinB3 level in the DG by Western blot after treatment of either hM3Dq chemogenetic stimuli or voluntary run ning (Fig. 3, E and F) . Furthermore, inhibition of dentate GCs by hM4Di stimulation rescued ephrinB3 expression to the control level in the DG in voluntary running mice (Fig. 3F ). These data in dicate that the expression of ephrinB3 is responsive to voluntary running, which gives rise to the presumption that the regulation of NSC property is likely initiated though GCrNSC contact.
Ephrin-B3 serves as a GC membrane-bound ligand for rNSC regulation
EphrinB-EphB signaling is traditionally known as a membrane bound ligandreceptor system that controls the spatial organization of cells and their projections by modulating intercellular attractive and repulsive forces (32) . In particular, ephrinBs and their EphB receptor tyrosine kinases mediate cellcell bidirectional communica tion between neighboring cells to control cell migration, survival, and proliferation through multiple effector pathways (33) . To ex amine the role of ephrinB3 in regulating rNSCs in vivo, we used Efnb3 −/− mice and treated them with EdU over 7 days for NSC im munostaining and counting. We observed more activated rNSCs and ANPs in Efnb3 −/− mice by EdU incorporation in NSCs (Fig. 4 S9, A and B) , suggesting that ephrinB3 serves as an external ligand in the niche to stimulate EphBmediated forward signaling into rNSCs.
To investigate whether the alteration in rNSC behavior upon GC excitation is via downregulation of neuronal ephrinB3, we injected AAVDIOhM3DqmCherry into WT or Efnb3 −/− ; CaMKIICre; NestinGFP mice and treated these mice with CNO for 7 days (Fig. 4A) . We observed a comparable increased number of cFos-labeled GCs and activated rNSCs, up to two to threefold of the WT control level, in both WT and Efnb3 −/− mice upon CNO administration, suggesting that ephrinB3 plays a major role in preventing rNSC activation upon GC excitation in the adult hippocampus (Fig. 4 , B and C). Consistent with neuronal excitation via the chemogenetic approach, we per formed voluntary running trials and saw a significant increase in the number of cFos + GCs in Efnb3 −/− mice as compared with WT mice (Fig. 4, D and E) , and this was accompanied by a greater increase in EdUincorporated rNSCs in Efnb3 −/− mice (Fig. 4, D and F) . These results indicate that ephrinB3 functions in coordination with GC excitation and rNSC activation during voluntary running. Results are presented as means ± SEM. *P < 0.05; ***P < 0.001; ****P < 0.0001.
We also carried out lineage tracing of adult rNSCs in NestinCre ERT2 mice that were crossed with Efnb3 −/− mice to examine the effect of ephrinB3 on the progeny of stem cells after voluntary running (Fig. 4, G to I) . We observed decreased rNSCs and increased DCX + cells/neurons among GFP + cells in Efnb3 −/− mice (Fig. 4, H and I ), but not in Efnb3
LacZ/LacZ mice ( fig. S9 , C to E), indicating that ephrinB3 serves as an external ligand in GCs to promote adult neurogenesis. Furthermore, after the 30day running trial, an increase in DCX + cells and neurons among GFP + cells but a decrease in rNSCs were observed in both lineagetraced WT or Efnb3 −/− mice (Fig. 4I) . To gether, the data suggest that ephrinB3 on GC membranes serves as a negative regulator in the niche, affecting quiescent NSCs and pre venting transition of rNSCs to neurons.
The kinase activity-dependent EphB2 pathway in rNSCs is involved
To determine whether EphB receptors mediated the intercellular regu lation of GC on adult rNSCs, we examined expression of EphB recep tors in rNSCs of hippocampal SGZ using EphB2
LacZ knockin mouse line (35) that contains membranelocalized Cterminal truncated EphB2-gal fusion protein as a reporter for EphB2 expression. Our analysis revealed that EphB2 was strongly expressed in NestinGFP + rNSCs that were identified with a SOX2 marker ( fig. S10A ). We further clarified that EphB2 in radial processes of rNSCs was colocalized with GC ephrinB3 visualized by gal immunostaining in Efnb3
LacZ/+ mice ( fig. S10B ). These results indicate that EphB2 is an rNSCexpressing receptor that directly contacts GC ephrinB3 in adult hippocampus. sented as means ± SEM. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.
To test whether EphB2 intracellular signals play a role in the regu lation of adult rNSCs, we used EphB2 null and function domain trun cated mutants (35) and examined the proliferation and differentiation of rNSCs. We observed an increased number of EdUincorporated rNSCs (Fig. 5, A and B) and DCX + cells (Fig. 5 , A to C) in SGZ of adult EphB2 −/− mice, suggesting that EphB2 is required for the main tenance of quiescent rNSCs and regulation of neurogenesis. Since the EphB receptor is also capable of transducing bidirectional signals, EphB2 mutant mice with various cytoplasmic domain mutations were examined to further clarify whether the EphB2mediated forward signaling is involved in regulating the number of rNSCs. These mice express a truncated EphB-gal fusion protein as a substitute for the majority of their respective cytoplasmic segment, as mentioned above, or an intracellular segment carrying mutations disrupting EphB2 kinase activity (K661R) or its PDZ domain-binding motif (VEV) (36) 5 , A to C). We further assessed IPC proliferation by identifying colocalization of Tbr2 and EdU and found that disrupting EphB2 kinase activity in rNSCs led to NSC activation but did not affect the proliferation rate of IPC (fig. S10, C to E). These data indicate that kinase activity-dependent EphB2 forward signaling is essential to sustain NSC quiescence.
To further verify the specifically cellautonomous role of EphB2 and its signaling in adult rNSCs in SGZ and exclude the possible effects caused by hippocampus deficits during early development, we generated a Credependent AAV with dominantnegative types of EphB2, AAVDIOEphB2K661RGFP, which blocks the catalytic function of EphB2. We injected these viruses into the DG area of NestinCre ERT2 mice. To detect the proliferation of virusinfected rNSCs, the mice were traced by EdU and were perfused 1 week after tamoxifen injection (Fig. 5D) . We found that the EphB2K661R-infected rNSCs showed a higher level of proliferation than the control virus group (Fig. 5E) . Furthermore, we traced the rNSCs and their progeny for 30 days and found that ~28% of GFP cells can be maintained in the rNSC stage in the AAV control group, while only ~16% of GFP + rNSCs were left in the EphB2K661RGFP virus-injected DG area (Fig. 5, D and F) . In the meantime, more DCX + cells and neurons were observed in the EphB2K661RGFP virus-injected group (Fig. 5F ). The data indicate that EphB2 kinase-dependent signaling is essen tial for quiescent NSC maintenance and newborn neuron genera tion in the hippocampus of adult mice.
To determine the roles of EphB2 kinase-dependent signals in rNSCs in NSC behavior during voluntary running trials, we injected AAVDIOEphB2F620DGFP, a constitutively active receptor form of EphB2 with ligandindependent catalytic activity (37) , into the DG area of the NestinCre ERT2 line (Fig. 5G) . We found increased num bers of cFos + cells in all groups after the 7day running trial (Fig. 5H) , while a fewer number of activated rNSCs in the mice injected with the EphB2F620D virus were observed compared with the mice injected with the control virus (Fig. 5I) . After the 30day running trial, the lin eage tracing experiments showed that the proportion of rNSCs and the neuronal progeny of rNSCs (DCX + cells and neurons) signifi cantly recovered in the EphB2F620D virus-injected mice (Fig. 5J) . The data suggest that EphB2 catalytic activity is sufficient to sustain the quiescence of adult rNSCs during voluntary running trials.
Neuronal ephrin-B3 and rNSC EphB2 work together to maintain rNSC quiescence
Last, to further test the requirement and sufficiency of the ephrin B3-EphB2 signal in the regulation of quiescence of adult rNSC in vivo, we introduced EphB2 −/− ; Efnb3 −/− doubleknockout mice, which al lowed us to examine the role of ligand in GCs and receptor in rNSCs specifically by rescuing neuronal ephrinB3 or/and rNSC EphB2 signal in the neurogenic niche of adult hippocampus. We used AAV CaMKIIephrinB3mCherry to express ephrinB3 specifically in dentate GCs and/or injected Credependent AAV vectors (AAV DIOEphB2GFP) into the DG region of NestinCre ERT2 mice to express EphB2 in rNSCs (Fig. 6, A and B) . We observed that the proportion of EdUincorporated rNSCs, detected 7 days after label ing, and total rNSCs as well as the neuronal progeny of rNSCs (neu rons), detected 30 days after lineage tracing, significantly recovered in the mice only if both neuronal ephrinB3 and rNSC EphB2 were expressed simultaneously (Fig. 6, C to E) . These results suggest that both ephrinB3 in GCs and EphB2 in rNSCs are necessary and work together to sustain a quiescent NSC population in the DG region.
In summary, our study elucidates the physiological significance of GC excitability under environmental stimuli and indicates an in ducible intercellular modulation via GCrNSC contact. These re sults also indicate that the transcellular ephrinB3-EphB2 signal pathway serves as a keylock switch to control the functional shift of quiescent rNSCs responding to the activated GCs during voluntary running.
DISCUSSION
The continuous generation of new neurons in the DG is a promi nent example of structural plasticity in the adult mammalian brain and is a process highly regulated by neural network activity. The GC hyperactivity can be elicited by seizures that activate rNSCs and gliogenesis, and this gives rise to rNSC depletion eventually but fails to generate newborn neurons (25, 26, 38) . These results highlight not only the critical roles of GC overactivity in provoking a marked functional shift of adult rNSCs to glia but also its harmful impacts on hippocampal neurogenesis. In the present study, we provided positive evidence that physiological regulation of GC excitation by voluntary running profoundly affected quiescent rNSCs to promote generation of newborn neurons. We demonstrated that the regula tion might be through a direct GCrNSC interacting manner, which was different from the previous consensus in which secreted extra cellular factors play a major role. The adult hippocampal rNSCs have a unique structure of long ramifying processes that extend from the SGZ toward the molecular layer. The 3D reconstruction of rNSCs and adjacent GC cells in adult DG, as shown in the present study, indicates that both the cell bodies and projections of rNSCs directly contact GC cells (Fig. 3A and movie S2 ). These structures were in dispensable for rNSCs that the projections locating the molecular layer work as an antenna where they receive glutamatergic stimuli through structural and functional interactions with GCs in both de veloping and adult brains. Our study thus suggests the functional significance of the adjacent excitatory GCs in building the neuro genic niche for direct rNSC regulation (Fig. 6F) .
The study also sheds light on the dual roles of the rNSC niche in NSC behaviors that involve either maintaining rNSCs in a quiescent state to prevent their depletion or directing their differentiation along the appropriate lineages (39, 40) , and this is determined by a specific neuronal network responding selectively to physiological and patho logical conditions (25, 26, 38) . For instance, as a significant constit uent part of the rNSC niche, dentate PV interneurons secrete GABA to maintain NSC quiescence (23, 24) . Moreover, a recent study reveals that hippocampal mossy cells control aNSC quiescence through a dynamic balance between direct glutamatergic and indi rect GABAergic pathways (16) . In contrast to previous studies, we revealed, in the study, a dominant role of excitatory GC neurons in the niche that promoted adjacent rNSC activation and differentia tion. These pieces of evidence together indicate that a balance of excitatory and inhibitory modulation is sophisticatedly orchestrated via coordination of various types of neurons in the niche that is crucial for the functional shift of rNSCs upon exposure to external environmental stimuli. , and 45 brain slices were counted, respectively; n = 6 mice for each group. Results are presented as means ± SEM. *P < 0.05; **P < 0.01; ***P < 0.001.
Our study further identified neuronal ephrinB3 as an external negative regulator by analyzing previous sequencing results (28) and validating its protein expression in the excited DG area upon chemo genetic stimulation or voluntary running. We demonstrated that GC membrane-bound ephrinB3 was the key protein that was down regulated during longtime voluntary running, and this led to an attenuated EphB2 forward signaling into rNSCs, which is required for the activation of quiescent NSCs. These results are different from the ordinary roles played by Ephephrin signaling in the SVZ and SGZ (14, 15, 41) , in which the effects of surrounding astrocyte/ vascular cells, such as rNSCniche cells, may not be adjustable in a timely manner and in which the cells respond directly to the envi ronment stimuli. We thus provide a new mechanism of the ephrin B3-EphB2 signal transduction that serves to couple external and internal environments, representing an environmental stimulusdependent feedback from excitatory neurons to rNSCs in contrast to the feedback regulation proposed previously [for instance, the growth and differentiation factor 11-dependent negative feedback from neu rons to neural progenitors in the olfactory epithelium (42) or epi dermal growth factor-dependent feedback from neural progenitors 56, 57, and 56 brain slices were counted, respectively; n = 7 mice for each group. (F) Model for hippocampal quiescent NSCs activated by contacting excitatory neurons through direct neuron-rNSC interaction. In running mice, excited glutamatergic neurons directly interact with rNSCs, which leads to rNSC activation and thereby neurogenesis. This interaction is mediated by ephrin-B3-EphB2 signaling. Results are presented as means ± SEM. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001; n.s., not significant.
to NSCs in the SVZ (18)]. In view of the colocalization of EphB2 in radial processes of rNSCs and ephrinB3 in GCs ( fig. S10B ), the unique structure of rNSCs might be crucial for transducing the ephrinB3-EphB2 signal pathway. Mechanistically, the study indicates that EphB2mediated forward signaling plays both essential and sufficient roles in maintaining the property of rNSCs through the kinase catalytic activity, whereas how the intercellular signaling is transduced within the rNSCs upon external stimuli remains an open question. In previous studies, mouse models based on PTEN deletion in the brain have provided infor mation about the role of PTEN in cell proliferation and selfrenewal of neural stem/progenitor cells (43) , which has been performed either in embryonic NSCs (44) or in aNSCs from the SVZ of the lateral ventricles (43) . Further evidence reveals that the Eph recep tor physically interacts with PTEN to diminish its protein levels (45), while conversely, PTEN is also able to regulate stability and function of the EphB receptor (46) . This suggests that PTENAKT signaling might be the downstream molecular pathway of the EphB receptor to regulate quiescent NSC behavior, which bridges an in tracellular cellautonomous pathway in adult rNSCs to transcellular stimuli from GCs in the neurogenic niche.
Together, our current results demonstrate that excitatory GC neurons may serve as a conveyor capable of relaying outside physio logical stimuli to rNSCs through their membrane protein. This finding might lead to a number of implications in controlling adult hippocampal neurogenesis influenced by glutamatergic neurons and in developing optimal strategies depending on different levels of neuronal activity in treating brain disorders, such as Alzheimer's disease (47) and schizophrenia (48), as they exhibit aberrant hippo campal neurogenesis. The study also indicates a direct neuronrNSC interacting mechanism that is mediated by the transcellular ephrin B3-EphB2 signal pathway, which would lead to a better understand ing of how intercellular molecular signals were precisely transferred to regulate NSC behavior. (53) , and knockout and knockin mice as well as genotyping methods have been described previously. These mutant mice were crossed into CD1 background. Animals were anesthetized with chloral hy drate (350 mg/kg) and perfused with 0.1 M phosphatebuffered sa line (PBS) followed by 4% paraformaldehyde and 4% sucrose in PBS (pH 7.4). Brains were postfixed overnight and sectioned at 30 m using a vibratome. All experiments involving mice were carried out in accordance with the U.S. National Institutes of Health (NIH) Guide for the Care and Use of Animals under an Institutional Ani mal Care and Use Committee-approved protocol in a facility at the Shanghai Jiao Tong University School of Medicine that was ap proved by the Association for Assessment and Accreditation of Laboratory Animal Care. Parents and pups (10 to 11 pups per litter) were raised in animal facilities at a constant temperature (22°C) and on a 12hour light/12hour dark cycle. Access to food and water was unlimited. The day of birth was defined as postnatal day 0 (P0). All efforts were made to minimize the number of animals used and their suffering.
MATERIALS AND METHODS
Mice and sample preparation
Voluntary running
Mice were randomly paired and assigned to two closed lines. In each subsequent generation, when the offspring of these pairs were 10 weeks old, they were housed individually with access to a run ning wheel for 7 and 30 days. For daily wheel running, mice were placed in a running wheel for 2 hours, which allowed them to vol untarily run. A control group of animals was maintained in a run ning wheel that does not rotate 2 hours a day for 7 days. A pulse of EdU was injected into each mouse after running both control and running mice. For the cFos counting, the mice were euthanized 1.5 hours after the last running trials. For other experiments, such as detecting rNSC proliferation and neurogenesis, the mice were euthanized 3 hours after the last EdU injection.
Fear conditioning
Mice were placed in a square chamber with a grid floor. On the first day (day 1), each mouse was habituated to the chamber for 3 min, and then an auditory cue was delivered (70 dB, 30 s) followed by a foot shock (0.85 mA, 2 s). Then, the mice were returned to their home cages. On the next day (day 2), the mice were exposed to the same chamber without any stimulus for 3 min. The contextual con ditioning was assessed by recording freezing behavior during the 3min exposure. After 2 hours, the mice were put in the same cham ber for 3 min followed by a 30s auditory cue. After 1.5 hours, we euthanized the mice to detect cFos expression.
Environmental enrichment
At the age of 10 weeks, a cohort of animals were housed in large cages [32 cm (width) by 47 cm (length) by 35 cm (height)] containing running wheels, colored cages, toys, and chewable materials 24 hours a day for 7 days. A control group of animals was maintained in standard hous ing conditions for 7 days. A pulse of EdU was injected into each mouse in the environmental enrichment group and the control group. After the 7day treatment, we euthanized the mice to detect cFos expression.
Stereotaxic surgery
Young adult mice (6 weeks) were anesthetized with pentobarbital sodium (10 mg/kg). Virus was injected via a microsyringe (Hamilton, 1701 RN) and a microinjection pump (Hamilton) at a rate of 100 to 200 nl/min with the following coordinates: DG viral injection (0.5 l): anteroposterior (AP), -2.1 mm; mediolateral (ML), ±1.7 mm; dorsoventral (DV), -2.2 mm. Mice were allowed to recover for 2 to 3 weeks from the surgery before in vivo experiments. For in vivo chemogenetics, CaMKIICre mice were injected with AAV2/9 CAG DIOhM3Dq/hM4DimCherry or AAV2/9CAGDIO mCherry into the DG, and NestinCre ERT2 mice were injected with AAV2/9 CaMKII hM3Dq/hM4DimCherry or AAV2/9CaMKII mCherry into the DG. For in vivo lineage tracing, AAV2/9CAGDIOGFP, AAV2/9CAG DIOEphB2/EphB2K661RGFP, AAV2/9CaMKIImCherry, or AAV2/9 CaMKIIephrinB3mCherry was injected into the DG of Nestin Cre ERT2 mice.
Fiber photometry
Adult C57 mice were injected with AAV2/9hSynGCaMP6s into the DG followed by optic fiber implantation 6 weeks postnatally. A 200m diameter optical fiber was glued into a short cannula with the fiber tip extended approximately 2.5 mm out of the cannula. The preprocessed fiber was inserted through a small craniotomy made at the DG region (bregma coordinates: AP, -2.1 mm; ML, ±1.7 mm; DV, -2.05 mm).
Last, the cannula was secured to the skull using dental cement. Mice were individually housed for at least 1 week to recover from fiber photometry. The rescue experiments were conducted 2 weeks after the virus was completely expressed. For the running test, mice were first habituated to the fiber photometry apparatus for 30 min and then tested on a subsequent day. The fiber photometry was conducted by a fiber photometry system purchased from Thinker Tech Nanjing BioScience Inc. The analog voltage signals were digitized at 50 Hz. All the Ca 2+ signals and behavior videos were synchronized offline with event marks. The Ca 2+ signal data were segmented on the basis of behavior events with individual trials, which were marked at the time of experimental mice contact. We derived the values of fluorescence change (F/F) by calculating (F − F0)/F0, where F0 is the baseline fluorescence signal averaged over a 2slong control time window. The F/F data were presented with average plots with a shaded area indicating SEM.
Bioinformatics analysis
Gene Expression Omnibus (GEO) Series (GSE) 39697 dataset was downloaded from the GEO database of the National Center for Bio technology Information. The raw RNA expression profile datasets were preprocessed using R 3.4.1 statistical software together with a Bioconductor package. In accordance with the R package, the robust multiarray average (RMA) algorithm was used to adjust for back ground intensities in the Affymetrix array data by including optical noise and nonspecific binding. The backgroundadjusted probe in tensities were then converted into expression measures using the nor malization and summarization methods encapsulated by the RMA algorithm. The knearest neighbor (KNN) algorithm was used to generate the missing values. We used the R package limma to assess the DEGs between 0 and 30 days of granular cell layer. DEGs were selected for which both the log 2 fold change values were greater than 0.5 and P values were <0.05. We performed GO enrichment analysis with the DEGs using functional annotation tools in DAVID (Database for Annotation, Visualization and Integrated Discovery). The genes in three GO terms (membrane, GO: 0016020; receptor binding, GO: 0005102; and cell adhesion, GO: 0007155) were ac quired from Mouse Genome Informatics of the Jackson laboratory. We compared the genes in the three GO terms and acquired 255 overlapping genes. Further, we compared the 255 genes with 1802 DEGs and finally acquired 46 overlapping genes. A Venn diagram was made using a Venn diagram tool (http://bioinformatics.psb. ugent.be/webtools/Venn/).
Immunofluorescence and EdU staining
For immunofluorescence, coronal brain slices were blocked with permeable buffer (0.3% Triton X100 in PBS) containing 10% donkey serum for an hour at room temperature and were incubated with primary antibodies in permeable buffer containing 2% donkey se rum overnight at 4°C. The slices were then washed three times with PBST (0.1% Tween 20 in PBS) for 10 min each time and incubated with Alexa Fluor secondary antibodies (1:500, Molecular Probes) in the PBS buffer for 2 hours at room temperature. For primary anti bodies, we used goat anti-gal For 3D reconstruction of confocal images, we captured confocal Z stack images every 0.28 m consecutively in NestinGFP mice that had been injected with AAVCaMKIImCherry into the DG. This Z stack images were simulated to 3D images and movies using LAS X software (Leica Microsystems).
Western blotting
For Western blotting, the procedure was as previously performed (54) , and the data were analyzed using NIH ImageJ software. For primary anti bodies, we used mouse anti-glyceraldehyde phosphate dehydrogenase (1:3000; G8795, SigmaAldrich), goat antiEphB2 (1:1000; P54763, R&D Systems), and rabbit antieB3 (1:1000; 343600, Invitrogen).
Quantitative real-time polymerase chain reaction Total RNA was prepared from DG tissue or aNSCs of TRI Reagent (SigmaAldrich). RNAs were reversetranscribed with HighCapacity cDNA Reverse Transcription Kits (Applied Biosystems) according to the manufacturer's instructions. Quantitative realtime polymerase chain reaction (PCR) was performed using the SYBR Green Master Mix (Applied Biosystems) in a Fast 96well System (Applied Biosystems). The relative copy number of actin RNA was quantified and used for normalization. We obtained the PCR primer sequences from the website https://pga.mgh.harvard.edu/primerbank/. Reverse transcrip tion PCR primer sequences were as follows (5′→3′): Notch1_F: GATGGCCTCAATGGGTACAAG, Notch1_R: TCGTTGTTGTT GATGTCACAGT; Jagged1_F: ATGCAGAACGTGAATGGAGAG, Jagged1_R: GCGGGACTGATACTCCTTGAG; Itga3_F: CCTCTTC GGCTACTCGGTC, Itga3_R: CCAGTCCGGTTGGTATAGTCATC; Adam8_F: TGCTCAGCGTCTTATGGACAC, Adam8_R: AGGC CAAACCACTTCATACTG; Ptprf_F: TGCTCTCGTGATGCTTG GTTT, Ptprf_R: ATCCACGTAATTCGAGGCTTG; L1cam_F: AAAG GTGCAAGGGTGACATTC, L1cam_R: TCCCCACGTTCCTGTA GGT; VCAM1_F: TTGGGAGCCTCAACGGTACT, VCAM1_R: GCAATCGTTTTGTATTCAGGGGA; Lcam2_F: CAGTTCCGAG GTCTACACT T, Lcam2_R: TGAATCGGGAGTCTTCCGAAAA; Flot1_F: CGGAGGCCGAGTGTTTGTC, Flot1_R: CCGTGGCGG GTATAAACCTTT; NCad_F: AGGCTTCTGGTGAAATTGCAT, NCad_R: GTCCACCTTGAAATCTGCTGG; Pvr_F: GGGTGGGGA TATACGTGTGC, Pvr_R: GAGATGCGTTCCTCAGATCCT; Epha4_F: TGGAATTTGCGACGCTGTCA, Epha4_R: CACTTCCTCCCAC CCTCCTT; Efnb1_F: TGTGGCTATGGTCGTGCTG, Efnb1_R: TCTTCGGGTAGATCACCAAGC; Efnb3_F: GAGGGCGGTTACGT GCTTTAT, Efnb3_R: GGGCTGTATTCCTGGAACTTGAT; EphB1_F: CCTCCTCCTATGGACTGCCC, EphB1_R: AAGGCCGTGAAGTCT GGGATA; EphB2_F: GCCGTGGAAGAAACCCTGAT, EphB2_R: GTTCATGTTCTCGTCGTAGCC; EphB3_F: CATGAATCCTATC CGCACGTATC, EphB3_R: GCTGTTACAGTCTCTTACGGTGA; actin_F: GCTCTTTTCCAGCCTTCCTT, actin_R: TGATC CACATCTGCTGGAAG.
Statistical analysis
The results are presented as means ± SEM. Statistical differences were determined by Student's t test for twogroup comparisons or analysis of variance (ANOVA) followed by Tukey test for multiple comparisons with more than two groups.
SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/ content/full/5/2/eaav4416/DC1 Fig. S1 . Activated GC neurons after treatment of contextual fear, enriched environment exposure, or voluntary running, respectively. Movie S3. 3D reconstruction of confocal images of rNSCs and GCs.
